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Introduction

30
Swedish forests generally grow on nutrient-poor soils, mainly tills from nutrient-poor bedrocks such as 31 granites and gneisses (Wastenson et al. 1990 ). The fertility of these soils has been further affected by acid 32 deposition (Reuss & Johnson 1986 ). Furthermore, whole-tree harvesting has become more common in 33 recent decades, leading to further removal of base cations (Iwald et al. 2013 ; Akselsson et al. 2007; 34 Brandtberg & Olsson 2012). One main effect of acid deposition (S and N) on forest soils is the increased 35 leaching of sulphate and nitrate coupled with nutrient cations such as Mg 2+ , Ca 2+ and K + causing base 36 cations (BC: Ca 2+ , Mg 2+ , K + ) depletion from the soil (Reuss & Johnson 1986). Base cations depletion in 37 forest soils due to high acid deposition has been simulated in several model approaches in regional scale 38 Thus, leaching of inorganic nitrogen is generally very low in Swedish forests, except for the 42 southwesternmost part with the highest present and historical N deposition, where the nitrate concentration 43 in soil water is often elevated (Akselsson et al. 2010) . 44 S deposition to forest ecosystems has strongly decreased since the 1990s throughout Sweden, but recovery 45 from acidification has been reported to be very slow (Pihl Karlsson et al. 2011; Akselsson et al. 2013) . wind episodes, sometimes accompanied by heavy rain, which may lead to a reduction in canopy closure 61 due to windthrow and stem breakage, thereby also increasing solar radiation levels in stands (Vodde et al. observed that sea-salt episodes were responsible for more than one-third of the low ANC (ANC < -50 78 µeq l -1 ) episodes, which were considered as strong indicator of acid episodes, at Birkenes in Norway 79 during the period 1975-2004. Akselsson et al. (2013) and Laudon (2008) pointed out that recovery from 80 acidification was slow at some coastal forest sites in Sweden, as these sites are susceptible to sea-salt 81
episodes. 82
The aim of this study was to investigate the effects of storms on the acidification/recovery processes in 83 forest soils. We hypothesized that: the high deposition of sea salt and increased rate of nutrient 84 mineralization caused by storms slow down the recovery trend of forest soils from past acidification. For 85 this purpose, a site in southwest Sweden that suffered the effects of the storms 'Lothar' and 'Gudrun' was 86 studied. ForSAFE, a numerical model simulating biogeochemical cycling in forest ecosystems, was 87 applied with monitoring data from the site. Both monitoring data and modelled data were used to study the 88 acidification/recovery trends and the influence of the storms 'Lothar' and 'Gudrun' on these trends. 89
Finally, ForSAFE was used to simulate the influence of frequently occurring storms in the future on soil 90 acidification recovery. 91 The forest floor has a thin organic layer (3.5 cm) with 48% organic matter content (Loss on Ignition, LOI) 106 (Table 1 ). The soil type is dystric regosol. The top 50 cm of the mineral soil profile is sandy and acidic 107 with very low base saturation, and the exchange sites are mainly occupied by Al 3+ (Table 1 ). The organic 108 matter content decreases downwards from 10.8% to 2.3%, and the pH H2O increases downwards from 4.2 to 109 5.0, within the top 50 cm of soil (Table 1) . 110
Materials & Methods
Monitoring data 111
The following parameters are monitored at the Klintaskogen site: and dissolved organic carbon (DOC). Composite samples with volumes <50 ml were not analyzed. 120
The ANC was computed as follows: 121
where the concentrations are in the units eq l -1 . 123 c) Forest inventories: Inventories were carried out on three occasions (1996, 1999 and 2004) within 124 the intensive monitoring program led by the Swedish Forest Agency, and these inventories were 125
complemented with an inventory in 2010, using the same methodology. On each occasion, the 126 diameter at breast height of each tree was measured, and the tree and crown heights were 127 measured in a selected aliquot representing 20% of the trees in the plot. 128 
Tree biomass 141
The biomass of stems, branches, needles, and fine roots was estimated for each tree using Marklund 142 functions (Marklund 1988). The biomass of each tree compartment (wood, needles, and fine roots) of each 143 tree within the study plot were calculated and summed to provide an estimate of the standing biomass per 144 square meter, where wood referred to the sum of stems and branches. 145
Atmospheric deposition in study plot 146
The total atmospheric deposition (TD) was calculated as the sum of wet (bulk precipitation deposition) 147 and dry deposition. For sulphate, nitrate, Na + and Cl -, canopy exchange is assumed to be zero. Dry 148 deposition is thus the difference between throughfall deposition and bulk precipitation deposition. The dry 149 deposition of BC was computed using the Na dry deposition factor (Staelens et al. 2008): 150
where DD x is the dry deposition of element x, TFD is the throughfall deposition, and PD is the open-field 152 precipitation deposition. Simulations with the ForSAFE model were run over the period 1800 to 2100, and the model was 176 calibrated over the period 1997-2009 using the monitoring data collected from the Klintaskogen site 177 described above. The ForSAFE inputs (soil properties, climate, deposition and silviculture scenario) are 178 described below, and the values used are given in Table 2 and Table 3 . 
Soil inputs 183
The 50 cm soil profile was divided into 5 layers in accordance with the soil measurements (Table 2) . (Table 3) . 191
The soil field saturation points for each soil layer were calculated as follows: 192
where FS is the field saturation (m 3 water m -3 soil ), BD is the bulk density (kg m -3 ), HML is the heat mass loss 194 from 40 °C to 105 °C (fraction of weight), LOI is the loss on ignition (fraction of weight), ρ organic is the 195 density of organic matter, assumed to be 600 kg m -3 , and ρ particle is the density of sand particles, assumed to 196 be 2670 kg m -3 (Milsom 2003 scenario. The CO 2 concentration in 1800 was obtained by extrapolation, assuming that it remained 210 constant before 1970. Solar radiation data for 1960-2100 were derived from a study performed by the 211
Regional Climate Group at the University of Gothenburg (David Rayner, personal communication). Solar 212 radiation data were extrapolated back to 1800 using the same scheme for precipitation and temperature 213 data. To avoid the need to calibrate the modeled interception of precipitation, the precipitation data were 214 further scaled to give the throughfall precipitation using the monitored throughfall precipitation factor: 215 where TFprec x is the throughfall precipitation for month x, Prec x is the precipitation during month x, 217
TFprec 1997-2009 is the total throughfall precipitation monitored by the SWETHRO network from 1997 to 218 2009, and Prec 1997-2009 is the total precipitation obtained from the SMHI station from 1997 to 2009. 219
Deposition inputs 220
The deposition input data included the atmospheric deposition of sulphate, nitrate, and ammonium, Ca 2+ , 221 Gudrun, reducing the standing biomass by 5%. The stimulation of organic matter mineralization in soils 235
was implemented in the model by reducing the nutrient immobilization in microbial biomass after each 236 storm. It was assumed that the reduction was greatest after storm, and the initial immobilization level was 237 recovered after three years. 238
A scenario involving future storm disturbances (FSS) was included in the study for comparison with the 239 baseline scenario (BLS). In the FSS scenario, it was assumed that a storm would occur every 20 years 240 from 2005 onwards, causing 10% windthrow loss and stimulating organic matter mineralization (as 241 described above) at each storm occurrence. All the storms are assumed not to be accompanied with sea-242 salt episodes. The difference in soil nutrient input-output budgets between the BLS and the FSS was 243 determined using the model. No silvicultural thinning or harvesting was included in either scenario after 244 the clear-cut in 1957 in order that only effects of storm are identified. 245
Nutrient input-output budget calculation 246
Nitrogen and base cations input-output budgets were calculated over the period 1970-2070 for the two 247 
Atmospheric deposition 1997-2009 277
The total deposition of Cl -, sulphate, nitrate and ammonium is shown in Figure 2 . Chloride was the most 278 abundant anion in atmospheric deposition, with an average deposition rate of 1.33 kmolc ha -1 y -1 . Sulphate 279 was the second most abundant anion with an average deposition rate of 0.35 kmolc ha -1 y -1 . The total N 280 deposition was 1.39 kmolc ha -1 y -1 (nitrate: 0.66 kmolc ha -1 y -1 ; ammonium: 0.73 kmolc ha -1 y -1 ). Cl -281 deposition showed a peak in 2000 (3.76 kmolc ha -1 y -1 ), and a small increase after 2006. Sulphate 282 deposition decreased significantly (τ=-0.684, p=0.001) from about 0.5 kmolc ha -1 y -1 in 1997 to about 283 0.25 kmolc ha -1 y -1 in 2009. Ammonium deposition also decreased significantly, from 0.88 kmolc ha -1 y -1 284 to 0.63 kmolc ha -1 y -1 , over the same period (τ=-0.615, p=0.004). However, nitrate deposition and total N 285 deposition were relatively stable over the period. 286
288
Total atmospheric deposition of Na + , Ca 2+ , Mg 2+ and K + is given in Table 4 . The average Na + deposition 289
for the years 1998, 1999 and 2001 was 0.84 kmolc ha -1 y -1 , while the average deposition of Ca 2+ , Mg 2+ 290 and K + over the same period were 0.095, 0.10 and 0.057 kmolc ha -1 y -1 , respectively. The monthly 291 deposition (data not shown) of K + showed a decreasing tendency over the period 1998-2001 (τ=-0.306, 292 p=0.007), and the monthly deposition of Ca 2+ also seemed to decrease however this visual trend was not 293 statistically significant (τ=-0.215, p=0.06). No significant trends were seen in the monthly Na + and Mg 2+ 294 deposition over the same period. 295 
Soil solution chemistry 1997-2009 299
The soil water at the study site over the period 1997-2009 was acidic. The pH ranged from 3.86 to 4.54, 300 and the ANC was negative, ranging from about -600 to about -100 µeq l -1 , as can be seen in Figure 3 . The 301 dominant anion was Cl -, and the dominant cation was Na + . The concentrations of Na + and Clincreased 302 significantly over the whole period monitored (Cl, τ=0.448, p<0.001; Na, τ=0.458, p<0.001), while Ca 2+ 303 and ANC decreased (Ca, τ=-0.292, p=0.02; ANC, τ=-0.3, p=0.02). However, the trend analysis before 304 Lothar and after Lothar gave different results. Before Lothar, the nitrate concentration decreased (τ=-305 0.491, p=0.04). After Lothar, the pH and Ca 2+ concentration decreased significantly (pH, τ=-0.602, 306 p<0.001; Ca, τ=-0.568, p<0.001), while Cland DOC increased significantly (Cl, τ=0.368, p=0.03; DOC, 307 τ=0.459, p=0.02). High concentrations of Cl -, nitrate, sulphate, Na + , Ca 2+ , Mg 2+ and oAl were noted in 308
309
Over the period monitored, the Clconcentration was significantly positively correlated with the 310 concentrations of Na + and Mg 2+ (Na: R 2 =0.746, p<0.001; Mg: R 2 =0.606, p<0.001), but not the Ca 2+ and 311 K + concentrations. Interestingly, Clshowed the same positive correlations with Na + and Mg 2+ after 312 Lothar (Na: R 2 =0.615, p=0.004; Mg: R 2 =0.522, p=0.02), but it was not correlated with any cations before 313
Lothar. The nitrate concentration was positively correlated with Na + , Mg 2+ and Ca 2+ (Na: R 2 =0.491, 314 p=0.006; Mg: R 2 =0.800, p<0.001; Ca: R 2 =0.526, p=0.003) over the period 1997-2009. Both Mg 2+ and 315 Ca 2+ showed positive correlations with nitrate before and after Lothar, but no other correlations with 316 nitrate were found before or after Lothar for the other elements. The pH was significantly negatively 317 correlated with DOC concentration (DOC: R 2 =0.651, p<0.001) during the period 1997-2009. The pH was 318 also negatively correlated with DOC both before and after Lothar. 319 320 321 322
Model validation and scenarios 323
Model validation 324
Model validation showed good agreement with the monitored data. The model wood biomass before 325
Lothar, and the trend of wood biomass change after Lothar agreed well with inventory data (Figure 4) . For 326 the simulation of soil water chemistry over the period 1997-2009, the measured concentrations of all 327 chemicals were in the range of modeled concentrations, and ForSAFE also captured the temporal 328 dynamics of concentrations for most of chemicals ( Figure 5) . The model captured two high concentration 329 episodes of N after Lothar and after Gudrun respectively, and the overall modeled N concentration over 330 the period 1997-2009 almost equaled the measured value. The model predicted a decrease in sulphate 331 concentration, but a few measurements outranged the modeled concentration after Gudrun. The model 332 simulated two high concentration episodes of BC, one after Lothar and one after Gudrun, which agreed 333 well with monitored data. But the overall modeled BC concentration was about one-third higher than the 334 measured value. The model reproduced the temporal dynamics of Clconcentration, and the overall 335 modeled Clwas only 5% more than that of monitored. The modeled Na + concentration was generally 336 higher than the monitored over the period 1997-2009. 337 338 339 340 However, some discrepancies were observed in the modeling of acidity in soil water. The model 341 overestimated the pH over the period 1997-2009, and the discrepancies were greater before 2000 and after 342
2008 ( Figure 5 ). The prediction of ANC, an important indicator of acidity, well presented the temporal 343 dynamics of measured ANC, but the overall modeled ANC was about 20% higher than the measured value. 344
The DOC concentration, which has a significant effect on pH, was lower in the model than in the 345 measured data. Moreover, the shape of the measured DOC concentration curve was significantly different 346 from the modeled curve. 347 
Model scenarios and soil nutrient budget 350
Clear recovery from the acidification of the 1990s was seen in both the scenarios modelled ( Figure 6) . 351
This was indicated by a substantial increase in soil solution ANC from -1000 µeq l -1 to +100 µeq l -1 , and 352 (Table 2) . Cumulative N and BC budget is based on section 2.5, the red dotted lines go through the end of grey lines horizontally. N accumulated in the soil in both scenarios over the simulation period 1970-2070 ( Figure 6 ). The rates of 366 accumulation (the slopes of the curve) in most years were positive, but after each storm disturbance, there 367 were a few years with negative values. The rates started to decrease from 1990s and reached a relative 368 stable value after 2010s. Base cations were lost from the soil from 1970, and they started to accumulate 369 from the 1990s, i.e. the rates of accumulation became positive. The rates stabilized after 2010s, and they 370 also shortly became negative after each storm as N did. Differences of cumulative N and BC input-output 371 budget between FSS and BLS could be seen after the first future storm (2025), and they increased after Breemen et al. 1983). We did not observe significant trends of acidification recovery in soil water before 387
Discussion
Lothar in monitored pH, ANC or iAl (Figure 3) . 388 However, the model simulation clearly showed an increase of pH and a decrease of ANC from 1990s 389 ( Figure 5 and Figure 6 ). The main driver for the recovery was the decreased sulphate concentration in the 390 soil water, but another important factor was that no disturbances were simulated between 1990 and 2000. 391
Therefore we can argue that Klintaskogen should recover from acidification from 1990s if no external 392 disturbances happen. 
Influence of storms on soil chemistry 395
We observed frequent high-concentration episodes of nitrates, Cl -, Na + and Mg 2+ after Lothar and Gudrun, 396 which could be due to a combination of the sea-salt effect and stimulated mineralization. The temporary 397 changes in pH, Al 3+ , Na + , Cland Mg 2+ measured at the study site after Lothar agree well with the 398 characteristics of the sea-salt effect, which is also supported by the high peak of Cldeposition in 1999. 399
The continuous high nitrate concentration could probably be explained by an increase in the 400 mineralization rate due to canopy opening, radiation and temperature change (Vodde et al. 2011). 401
However, soil water chemistry changed slightly after Gudrun. This was a storm with high winds but 402 without heavy precipitation, as could be observed from the monitored throughfall precipitation (data not 403 shown) and total deposition. Therefore, no evidence of sea-salt effect was found in 2005, whereas 404 episodes of remarkably high Cl -, Na + and Mg 2+ concentrations in 2007 and 2008 indicated two new sea-405 salt episodes. However, the Ca 2+ concentration did not increase in the two new sea-salt episodes, and we 406 speculate that this may be due to the greater difficulty for Na + to replace Ca 2+ in more acidified soil 407 The sulphate seems to decrease before Lothar (τ=-0.424, p=0.06). Visual inspection of the data after 410
Lothar gives the impression that the amount of sulphate has decreased, but high-concentration episodes 411 occurred more frequently after Lothar, disturbing this trend. The reason for the high-concentration 412 episodes could be increased sulphur mineralization from organic matter after storms. This suggests that the 413 long-term decrease in sulphate concentration will be disturbed by future storms. 414
The influence of storms on soil and water acidity 415
Higher nitrate leaching was observed after both storms, which are probably due to an increase in organic 416 matter mineralization and an increase in nitrification. It is known that nitrification, in particular when 417 indicating that sea-salt episodes also brought a lot of Mg 2+ . Thus sea-salt episode will probably decrease 429 the soil acidity of Klintaskogen on long term since it replenishes the base saturation. 430
The changes in soil water acidity between 1997 and 2009 reflect the multiple effects of storms, as well as 431 other factors, such as DOC. Before Lothar, the variation in pH was driven by the DOC concentration, and 432 indicated by the iAl concentration (Figure 3) when an increment in ANC caused a decrease in pH. This was also characterized by very high Cl -, Na + 438 and Mg 2+ concentrations, indicating a sea-salt episode. However, there was no evidence of a storm in 439 terms of high precipitation or reports by meteorological institutions, and the reason for this exception is 440 still unclear. After 2009, the concentration of DOC increased again, causing another acidification episode. 441
Overall, there was no significant acidification recovery over the period 1997-2009. In contrary, the 442 measured pH decreased significantly due to storms, from 4.54 in Nov. 1999 to 3.86 in May 2009. Given 443 the fact that sea-salt episode has little long-term influence on acidification, the decreased pH is probably 444 driven by nitrification and leaching of nitrate. Similar decreasing trends of pH were also observed in two 445 other southern Swedish Norway spruce forest sites after 2000, which were both very close to the west 446 coast of Sweden (Akselsson et al. 2013 ). It indicates that storm disturbances, at sites in close proximity to 447 sea, would cause delay in the acidification recovery. Meanwhile, the considerable effects of DOC 448 concentrations on pH suggest that DOC is also a very important factor and should be included in long-449 term acidification studies. Visual analysis of the data in this study and the data in Akselsson's study 450 suggests that soil water that contains DOC>20 mg l -1 would have much higher pH sensitivity to DOC. 451
Long-term effects of frequent storms on future acidification recovery and fertility loss 452
Reliability of ForSAFE prediction
453 Acidity: The pH curve obtained with the ForSAFE model exhibited a different shape from the 454 measurements over the monitored period. The model captured the relationship between pH and ANC, but 455 did not predict the strong impact of DOC on pH very well. Neither was the concentration of DOC well 456 predicted. In addition, the pH change caused by sea-salt effect is not readily included in the model yet. 457 Therefore, the difference between the modelled and the measured pH in some cases was larger than half a 458 unit over the period 1997-2009. However, the modeled ANC was well validated by the measured data 459 over the period. 460  No evidence that frequently (20 years) occurring storms with windthrow hamper acidification 525 recovery but storms may influence soil fertility by losses of base cations. This may be a concern for 526 the most base cation poor forest soils. 527
